ABSTRACT
INTRODUCTION
artini reactor is one of three research reactors in Indonesia having been operated since March 1979, and has undergone several times of fuel substitution and reshuffling. With the increase of fuel burn up and the changes in core configuration, it is necessary to reevaluate some safety related parameters as to assure the compliance with the defined operational limit conditions (1, 2) . This paper is part of the safety evaluation works of Kartini reactor being performed aimed at updating the content of safety analyses report (SAR) document. One of important cases needs to be evaluated is the maximum fuel temperature under transient conditions following the K postulated reactivity insertion accident to ensure the integrity of fuel clad. Such a case of accident has never been performed previously.
In this analysis the reactivity insertion accident was simulated by assuming the malfunction of the control rod's driving system, occurred during rod worth calibration work of the most reactive rod, where the rod button was assumed to be stuck, while being pressed down from its minimum critical condition, with the other rods were in full out position. In this case it was assumed also that the reactor period trip system, limiting the reactivity insertion rate was failed to function, causing the rod to continue moving up until the action of the following two scenarios were in effect: 1. For the 1 st case, the power excursion was stopped by the actuation of the overpower trip system, causing reactor to scram with all of the rods dropped promptly into the core when the power level reached the setting point i.e. 110 % of the nominal power. 2. For the 2 nd case, the overpower trip system was assumed to be failed to function, and the power excursion was stopped by manual scram when the rod reached 100 % up position.
In order to get the most severe condition, an adiabatic approach had been assumed, resulted in the accumulation of heat in the fuel meat. Further the point reactor kinetic equation was used as the basis of the analysis and the analytical approach was used to solve the equations representing the two conditions.
Theoretical Background
Any rod withdrawal from a stable or critical condition would result in the increase of core reactivity that would then be used to increase the reactor power level to a higher, stable condition. The increase of power level would then result in the increase of the fuel temperature, which is proportional to the total energy generated and the heat capacity of the fuels in the core. In case of adiabatic condition, the total energy generated can be represented by the following equation:
with
E(t)
= energy generated during the time span of t (watt-s) Based on the point kinetics equation, the general form of power excursion following the insertion of reactivity ρ from a critical condition can be represented as follows (3, 4) .
where T1 and T2 = reactor period which can be represented as: The reactivity insertion of the two accident scenarios being studied can be represented by three different models as follows. 1. Positive ramp reactivity insertion with total reactivity ρ < 1 $ 2. Positive ramp reactivity insertion with total reactivity ρ > 1 $ 3. Negative step reactivity when reactor trip with total trip reactivity | ρ | >1 $ For the first case, where the rod movement was stopped by the overpower trip system, the total reactivity inserted (ρ) will be less than 1 $ and hence the 2 nd term of equation (2) can be neglected, resulted in the simplified equation as follows:
Equation (4) can also be used for the condition after reactor trip, with a negative step reactivity insertion (| ρ | >1 $). The reactor period for this case becomes
In this study, the insertion rate γ was assumed to be constant which was taken as the average of insertion rate of the rod being used, and hence the associated reactivity inserted as a function of time of withdrawal in this case will be ρ(t) = γ.t
For the second case, where the control rod moves up until the 100 % out position, the total reactivity inserted will be equal to the core excess of reactivity available, which in this case ρ > 1$. Hence, the effect of delayed neutron fraction (β) can be neglected meaning the 1 st term of equation (3) can be wiped out. The power excursion for this case can then be represented by in the following equation t/T2 0 e P = P(t) (6) in which T2 = l / ∆ρp, and ∆ρp = ρ -β = prompt reactivity.
Since the prompt neutron lifetime l is so short (~ 10 -5 s), the reactor power will then increase very quickly, followed by the increase of fuel temperature, resulting in the negative feedback reactivity, which will then restrict the power excursion to a new equilibrium state. For the case of adiabatic condition, where the heat generated remains accumulated in the fuel, the "Fuchs -Hansen" model will be well applicable to estimate the total energy generated during transient, following the reactivity insertion (ρ). (3, 4) Equation (7) represents the relationship of the energy balance with the reactivity insertion fort his model.
with α = negative fuel temperature coefficient (dk/k o C). Referring to equation (1) and (7) the average increase of core temperature (∆T) can then be determined as follow:
and the maximum power associated with the reactivity insertion will be:
Core and Control Rods Descriptions
Kartini reactor is a typical design of TRIGA Mark II 250 kW which is then operated at reduced nominal power of 100 kW with 69 fuel elements distributed within ring B to ring F. Some graphite elements are placed at the outermost ring (ring F) to improve the core reactivity. Three control rods (B4C) are used to control the operation i.e. safety and shim rods occupied ring C5 and C9 respectively, and regulating rod placed at ring E1. Figure 1 presents the typical core pattern of Kartini reactor.
Figure 1. Typical core pattern of Kartini reactor

METHODOLOGY
The following described briefly several steps of work performed in this study. 1. Reactivity calibration to evaluate the reactivity of the 3 control rods and the associated core excess of reactivity available for the latest core configuration. The result can then be used to define the control rod to be used for the basis of analysis (i.e. the most reactive one) and the associated average reactivity insertion rate. 2. Determination the reactivity insertion and the associated power level as a function of time of withdrawal, based on the available kinetic parameters and the heat capacity of the standard TRIGA fuel, as presented in Table 1 below. The reactivity insertion limit, and the trip reactivity available for the two cases can then be determined based on the assumed scenarios. 3. Determination of the energy generated during the transient and the associated core average temperature increase for the two cases. The maximum fuel temperature can then be determined by applying the assumed power peaking factor of 2.38 (1) and the intitial temperature.
Table1. Kinetic parameters and the heat capacity of the standard TRIGA fuel Table 2 presents the result of reactivity measurement of the 3 control rods for the latest core condition, and the associated core excess reactivity. The rod at C-9 (shim rod) seen to be the most reactive one, with total reactivity of 3.067 $, which was then taken as the basis for this study. Figure 2 shows the integral reactivity profile of this rod. Based on the specified rod withdrawal speed and the core height, the average reactivity insertion rate of this rod can then be determined i.e. γ = 0.051 $/s. 
RESULTS AND DISCUSSION
R e a c t i v i t y ( $ )
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Figure 2. Integral reactivity of shim rod
For the first case, the overpower trip system was taken at 130 kW, to take into account a 20 % of the maximum tolerance of the reactor power calibration accuracy. Based on this power limit the reactivity insertion and the associated power level as a function of time can be determined. Figure 3 shows the reactor period and the power excursion and the coast down during the transient before. The result indicates that the minimum reactor period at the trip point seen to be about 2 seconds, which is less than the defined setting trip period of 7 seconds. However the energy generated during transient was still very low, causing not so significant of core temperature increase, i.e. about . This justify that the defined setting value for the period trip system is conservative enough to limit the power excursion before reaching the defined value of 110 % overpower trip setting. Figure 4 shows the fuel average and maximum temperature profile during transient. The result indicate also that from the fuel temperature limit point of view, the setting point for overpower trip system is conservative enough to protect the fuel integrity due to such transient event. For the second case, where the rod moved up until full position (100 %), the total reactivity inserted in this case was about 1.367 $ which represents the amount of core excess of reactivity available. The total energy generated for this insertion was 2,491 MWs with the peak power of about 26.88 MW. This would result in the increase of core average temperature by 43, Table 3 summarizes the result of the two cases.
Tablel 3. Summary of the results
PARAMETER
CONCLUSION
A transient analysis of reactivity insertion accident of Kartini reactor during start up from the minimum critical condition has been performed to estimate the effect on the fuel temperature increase. Two cases of reactivity insertion limits was assumed in this study, i.e. for the 1 st case the reactivity insertions was limited by the actuation of overpower trip system whilst for the 2 nd case it was limited by manual scram when the rod reached 100 % of withdrawal position. The result shows that based on the assumed power level trip setting for the 1 st case, the maximum reactivity inserted was 0.82 $, corresponding to the reactor period of about 2 s, and causing the maximum fuel temperature increase of around 11 o C. The reactor period at this point was about 2 s, which was below the defined minimum reactor period's trip setting of 7 s. The result justifies that the defined minimum limit of reactor period's trip setting was conservative enough to prevent the reactor from further more serious condition. For the 2 nd case the total reactivity insertion at the trip point was 1.367 $ which represents the available core excess of reactivity, and this resulted in the maximum fuel temperature increase of about 103 o C or maximum fuel temperature of around 137 o C which was still far below the defined design limit value. This result concludes that by limiting the available core excess of reactivity at reasonably low could prevent the fuel from possible of undergoing an excessive temperature increase, during the postulated reactivity insertion accident.
